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The Ponto-Caspian mysid Limnomysis benedeni was ﬁrst recorded in Lake Constance in summer 2006, and a stable
population developed at the site of discovery. Although this mysid is common in the Rhine and Danube rivers, little is
known about its ecology and impact in systems of invasion. We investigated the autecology of L. benedeni in habitat-
choice and food experiments. In the habitat-choice experiments, highly structured habitats, i.e., stones covered with
zebra mussels (Dreissena polymorpha), macrophytes, and especially stonewort, were strongly preferred. In food
experiments, L. benedeni fed mostly on food sources with a small particle size, e.g., bioﬁlm on leaf litter, biodeposited
material of zebra mussels, epilithon, and phytoplankton. We also compared the L. benedeni population data from Lake
Constance with that from rivers. In Lake Constance, female L. benedeni were nearly 30% larger and carried more than
three times more eggs in spring (9.470.6mm and 28.475.7 eggs) than in summer (6.770.8mm and 8.772.9 eggs).
The mysids present in spring might be the generation that over-wintered; in summer, this generation was probably
replaced by a new generation of smaller individuals. The large brood size and the detritivorous feeding strategy might
allow L. benedeni to colonize Lake Constance rapidly.
r 2008 Elsevier GmbH. All rights reserved.
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Since the early 19th century, exotic aquatic species
have invaded the Rhine River through two different
migration routes, one upstream of the river and the
other through inland waterways from the Rhoˆne or
Seine river systems (Kinzelbach, 1972). With the open-
ing of the Main–Danube Canal in 1992, the most
important migration route appeared, and the expansion
of many species was accelerated (Bij de Vaate et al.,e front matter r 2008 Elsevier GmbH. All rights reserved.
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ess: rene.gergs@uni-konstanz.de (R. Gergs).2002). Most invasive species in the Rhine River are
Crustacea and Mollusca (Kureck, 1992), mainly from
the Ponto-Caspian region (Carlton and Geller, 1993; Bij
de Vaate et al., 2002). In Lake Constance, the invasion
of exotic species is hindered by the Rhine Falls, which
separate the lake from the lower Rhine system.
A potential way for introduction of species into Lake
Constance can be via ballast water of boats (Kinzelbach,
1972, 1995; Wittmann, 1995).
Invasions of species into freshwater systems often
inﬂuence the benthic and pelagic community and alter
the food web as well as the distribution and occurrence
of species (Kinzelbach, 1995; Vander Zanden et al.,
1999; Ricciardi and MacIsaac, 2000). For example, the
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Constance in the mid-1960s and spread throughout the
lake within a few years (Siessegger, 1969). Its presence
led to many changes in the benthic communities, and
especially the abundance of many benthic taxa increased
(Grifﬁths, 1993; Stewart and Haynes, 1994; Mo¨rtl and
Rothhaupt, 2003). The Ponto-Caspian amphipod Di-
kerogammarus villosus invaded Lake Constance in 2002
(Mu¨rle et al., 2004). According to records of other lakes
invaded by D. villosus (Dick and Platvoet, 2000; Dick
et al., 2002), a decrease in the abundance of many
benthic species is expected. One year later, the Asian
clam Corbicula fluminea was found for the ﬁrst time in
Lake Constance (Werner and Mo¨rtl, 2004). The most-
recent invader, the Ponto-Caspian mysid Limnomysis
benedeni, was ﬁrst recorded at a depth of 0.4m in
summer 2006 (Fritz et al., 2006). This mysid is a food
source for ﬁsh (Kelleher et al., 1999), and thus in the
past was introduced into lakes to increase ﬁsh produc-
tion (Wonya´rovich, 1955). The ecological consequences
of the invasion of L. benedeni in Lake Constance are
unknown.
L. benedeni is originally located in the area of the
Black Sea and the lower Danube river (Bacescu, 1954).
It is described as detritivorous and herbivorous with a
preference for small food particles, but occasionally
larger animal prey can be ingested (Dediu, 1966;
Wittmann and Ariani, 2000; Wittmann, 2002).
L. benedeni is euryhaline, tolerating salinities up to 19
PSU (Komarova, 1989; Ovcarenko et al., 2006), and it
avoids a current velocity greater than 0.5m s1 (Witt-
mann, 1995; Wittmann and Ariani, 2000). In the Rhine
and Danube rivers, the mysid inhabits the benthic zone
and seems to prefer habitats of loose boulders, riparian
dead wood, and submersed macrophytes (Bacescu, 1954;
Wonya´rovich, 1955; Dediu, 1966; Wittmann, 1995;
Rheinhold and Tittizer, 1998). Most of the available
information is on L. benedeni in rivers, and little is
known about the ecology of the mysid in lakes.
Furthermore, all studies have been mainly based on
ﬁeld observations. Here, we compared data on the
population parameters of L. benedeni in Lake Constance
with data from the Rhine and Danube rivers and
investigated aspects of the autecology of the mysid in
laboratory experiments. Our results provide the ﬁrst step
in assessing the impact of the invasive mysid on the
littoral of Lake Constance.Methods
Field sampling
L. benedeni was ﬁrst recorded in Lake Constance in
the eastern part of the lake near the conﬂuence of theRhine River, Austria (Fritz et al., 2006). We obtained
our study animals from this site by kick-sampling with a
net (mesh size 200 mm) at a water depth of nearly 0.5m
on four different dates between April and July 2007. The
sex ratio was determined directly during the sampling on
two different dates (01.05.2007 and 11.07.2007). Males
were recognized by the long fourth pleopod. Females
carrying offspring were recognized by their brood pouch
(marsupium), and females not carrying offspring were
recognized by two lamellae at the ventral end of the
thorax (oostegite, which form the brood pouch)
(Mauchline, 1980). On the same dates, breeding females
were collected and preserved in 80% ethanol for
counting the brood size. The body length of these
individuals (see below) was measured to estimate the
length-to-brood size ratio.
Mysids were measured using a computer program
developed by the electronic facilities of the University of
Konstanz (G. Heine). Photographs were taken under a
stereomicroscope with an attached ﬁre-wire camera
(Imaging Source) connected to a computer. Body length
was measured three times from the top of the rostrum to
the end of the telson, excluding spines (Schleuter et al.,
1998). For calculating the length-to-body mass ratio, the
ash-free dry mass (AFDM) of non-preserved mysids was
determined by drying at 105 1C for 24 h, followed by
combustion at 550 1C for 8 h.
The amount of periphyton on stones was measured
with a brush sampler described by Peters et al. (2005).
Five replicates were taken in April (23.04.2007) and ﬁve
in July (11.07.2007). The sampled epilithon was
resuspended and adjusted to a deﬁned volume. A sub-
sample was ﬁltered on pre-combusted ﬁlters (Schleicher
& Schuell GF6,+ 25mm) for AFDM analysis. On the
same dates, temperature, pH, conductivity, and oxygen
concentration (mg l1 and % saturation) were deter-
mined (WTW MultiLine F/Set-3).Laboratory experiments
For laboratory experiments, the mysids were kept in a
15 1C climate chamber with a diurnal light rhythm of
12 h:12 h (day:night). Tanks for maintenance were kept
in a ﬂow-through system with water from Lake
Constance. The habitat-choice and food experiments
were also conducted in this climate chamber. In all
experiments, adult individuals (46mm) of both sexes
were used.Habitat-choice experiments
The inﬂuence of different habitats on the distribution
of L. benedeni was tested in a two-chamber habitat-
choice set-up. The chambers (each 12 15 15 cm3)
consisted of clear PVC and were separated by a bar
(15 2 cm2). The reference habitat in all experiments
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were tested versus the reference habitat: sand (control),
gravel (grain size o6.3mm), stones (grain size 4–8 cm),
stones with living D. polymorpha (5000 ind.m2,
16.172.5mm), sand with macrophytes (7 Potamogeton
perfoliatus plants, nearly 10 cm in height), sand
with Chara sp. (20 plants, corresponding to the
amount of P. perfoliatus, nearly 10 cm in height), sand
with C. fluminea shells (2000 shellsm2, 21.671.6mm),
and sand with living C. fluminea (1000 ind.m2,
16.371.2mm).
Each replicate (eight each) consisted of the reference
and the tested substrate; controls (reference substrate on
both sides of the chamber) were replicated ten times for
better precision. Lake water (4 l ﬁltered through 30 mm
membranes) was added and slightly aerated. After one
day leading time, 20 L. benedeni individuals were placed
in the center of each replicate, and the distribution of the
mysids was determined after 24 h. To obtain homo-
geneous lighting conditions, the experimental set-up was
shielded from the climate chamber light with a black
curtain and illuminated slightly with two ﬂuorescent
lamps (Osram Lumilux Plus, 18 W).Food experiments
To examine the attractiveness of different food
sources to L. benedeni, we tested seven different food
sources in a no-choice experiment. The food sources
were: alder leaves (exposed for 3 weeks in the lake),
biodeposition material of D. polymorpha, epilithon
(4 weeks old), green algae (Scenedesmus obliquus),
macrophytes (P. perfoliatus), chironomids (commer-
cially available, frozen ﬁsh food), living adult Daphnia
magna, and no food as control.
For each test, 20 mysids were starved for 24 h in an
aerated tank containing 4 l of 30-mm ﬁltered lake water.
One food source was then added ad libitum. After 24 h of
allotted feeding time, the feeding activity of each
individual was classiﬁed as either ‘‘empty gut’’ or ‘‘ﬁlled
gut’’. Each test was replicated ﬁve times.Table 1. Periphyton biomass and abiotic parameters at the
sampling site of Limnomysis benedeni at a depth of 0.5m
Parameter
Sampling date
23.04.2007 11.07.2007
Periphyton (mgAFDMcm2) 7.472.0 1.970.5
Temperature ( 1C) 16.4 16.6
pH 8.24 8.46
Conductivity (mS cm1) 386 298
O2 content (mg l
1) 10.01 9.60
O2 content (% saturation) 106.0 103.0Statistical analyses
All statistical analyses were made using the statistical
package SPSS (version 15.0/2006, SPSS Inc.).
For the ﬁeld sampling, differences in the population
parameters of L. benedeni between the two sampling
dates were evaluated using a Mann-Whitney U-test. The
correlations of biomass–length and of biomass–brood
size were evaluated using the Spearman rank coefﬁcient.
In the habitat-choice experiments, the difference
between the test habitat and the reference habitat was
calculated once at the end of the experiment as the
dependent variable. To obtain comparable values when
some animals died, the dependent variable of bothlaboratory experiments was extrapolated to the starting
number of individuals. If more than ﬁve individuals
died, the replicate was not used in the analysis.
Differences between the habitat-choice tests were
evaluated using a one-way ANOVA with subsequent
Scheffe post-hoc tests for unequal number of replicates.
Normal distribution and homogeneity of variances of
the data were not necessary because experiments having
more than about ﬁve tests with more than six replicates
will not cause problems for interpretation (Underwood,
2006).
In the food experiments, the number of individuals of
the category ‘‘ﬁlled gut’’ was the dependent variable,
and when some animals died, the values were extra-
polated to the starting number of individuals. If more
than ﬁve individuals died, the replicate was not used in
the analysis. Normal distribution and homogeneity of
the variances were tested using the Levene test.
Differences between the tests were evaluated using
one-way ANOVA with subsequent Tukey-HSD post-
hoc analysis.Results
Field sampling
Most individuals of L. benedeni were found at a depth
below 0.5m and not in the direct riparian zone. They
occurred in areas with rocks, and few were lower on
stones and gravel. The abiotic parameters (temperature,
pH, conductivity, and O2 content), measured at a depth
of 0.5m on the two sampling dates in April and July
2007, were similar, whereas the amount of periphyton
differed considerably (Table 1). The periphyton biomass
decreased from 7.472.0mg cm2 in April to 1.97
0.5mg cm2 in July. Parameters of L. benedeni
(Table 2) were measured twice, at the beginning of
May and in July. The body length of both sexes
decreased signiﬁcantly (po0.001) between the two dates.
Females: 9.470.6mm (n ¼ 48) to 6.770.8mm (n ¼ 30),
and males: 8.670.6mm (n ¼ 4) to 6.570.7mm
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Table 2. Population parameters of Limnomysis benedeni at the sampling site at a depth of 0.5m
Parameter Sampling date
p-value
01.05.2007 11.07.2007
Body length ~ (mm) 9.470.6 (n ¼ 48) 6.770.8 (n ¼ 30) o0.001
Body length # (mm) 8.670.6 (n ¼ 4) 6.570.7 (n ¼ 31) o0.001
Sex ratio (~: #) 34.90 (n ¼ 718) 0.98 (n ¼ 230)
Brood size (eggs per ~) 28.475.7 (n ¼ 59) 8.772.9 (n ¼ 58) o0.001
Differences between the sampling dates were detected using a Mann–Whitney U-test.
Fig. 1. Relationship between L. benedeni body mass and body
length (r2 ¼ 0.96; n ¼ 136; po0.001). Data from both sam-
pling dates (01.05.2007 and 11.07.2007) are included.
Fig. 2. Relationship between L. benedeni brood size and body
length (r2 ¼ 0.86; n ¼ 116; po0.001). Data from both sam-
pling dates (01.05.2007 and 11.07.2007) are included.
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Fig. 3. Habitat preference of L. benedeni. Eight habitats that
occur in Lake Constance were tested versus sand. Negative
values indicate a preference for the reference (sand); positive
values indicate a preference for the tested substrate. Asterisks
on the bars indicate signiﬁcant differences from the control
detected using ANOVA (po0.001) with a Scheffe-HSD post-
hoc test.
R. Gergs et al. / Limnologica 38 (2008) 139–146142(n ¼ 31), respectively (Table 2). The body mass of
L. benedeni was signiﬁcantly positively correlated with
the body length (Fig. 1). The clutch size of the females
also decreased signiﬁcantly (po0.001) with time from
28.475.7 (n ¼ 59) to 8.772.9mm (n ¼ 58). Brood size
was signiﬁcantly correlated with length (r2 ¼ 0.86;
n ¼ 116; po0.001) of the females, and breeding females
had a minimal size of nearly 6mm (Fig. 2). At thebeginning of May females outnumbered males, whereas
in July the sex ratio was well balanced (Table 2).Laboratory experiments
Habitat-choice experiments
Eight habitats that occur in Lake Constance were
tested for attractiveness to L. benedeni. Signiﬁcant
differences (ANOVA; po0.001) between the tested
habitats were found (Fig. 3). L. benedeni was equally
distributed in the control (sand vs. sand) and showed no
preference for shells of C. fluminea and for living clams.
Compared to the control, signiﬁcant preferences were
found for stones with zebra mussels (D. polymorpha),
macrophytes (P. perfoliatus), and especially stonewort
(Chara sp.). The mysids showed a tendency to prefer
habitats with larger grain size, but even the preference
for the stone habitat did not signiﬁcantly differ from the
control.
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Fig. 4. Attractiveness of various food sources for L. benedeni.
Seven different food sources were tested. The value indicates
the percentage of individuals feeding on one food source. The
horizontal line denotes the control without food. Letters on
the bars indicate homogeneous subgroups detected using
ANOVA (po0.001) with a Tukey-HSD post-hoc test.
R. Gergs et al. / Limnologica 38 (2008) 139–146 143Food experiments
The attractiveness of various food sources for
L. benedeni was estimated by determining the percentage
of individuals feeding on one food source, as indicated
by gut ﬁlling. Signiﬁcant differences were found between
the food sources (ANOVA; po0.001) (Fig. 4). In the
control (L. benedeni kept without food), only 25% of the
individuals had a ﬁlled gut. There was no difference
between the control and the test in which Daphnia
magna was offered. L. benedeni fed signiﬁcantly more on
all other food sources, which can be divided into three
groups: the mysids fed least on chironomids and
macrophytes (P. perfoliatus), and o60% of the indivi-
duals on average had a gut ﬁlled with either of these two
food sources; 470% of the individuals fed on the
green alga Scendesmus obliquus; and 485% of the
individuals on average fed on conditioned alder leaves,
D. polymorpha biodeposited material, and epilithon.
Mysids kept on D. magna, chironomids, or
P. perfoliatus had a thin gut with a bright color. The
gut of L. benedeni fed on the green alga S. obliquus,
D. polymorpha biodeposited material, and epilithon had
the same color as the food. Mysids fed on conditioned
alder leaves had beige gut content, whereas the alder
leaves themselves were brown.Discussion
Field sampling
The characteristics of the habitat in which L. benedeni
was found in Lake Constance are comparable to thosein the Main-Danube river system described by Witt-
mann et al. (1999). Mysids were found in higher
numbers on stones and rocks than on gravel. In the
direct riparian zone, no mysid individuals were found.
Waves might create turbulences that would exclude
L. benedeni because they avoid a current velocity greater
than 0.5m s1 (Wittmann, 1995; Wittmann and Ariani,
2000).
Literature on the life history parameters of
L. benedeni is scarce. In our studies reported here, we
found signiﬁcant differences in the length of the
individuals and in the brood size between the two
sampling dates (Table 2). The data from summer
correspond to those of Wittmann and Ariani (2000).
The relationship of the number of eggs to the female size
can differ due to the environmental conditions and/or
the reproduction at different seasons (Petryashov, 1992).
Our data from spring indicated that L. benedeni
individuals were nearly 30% larger and the females
carried more than three times more eggs than in
summer. These spring mysids might be the generation
that over-wintered, and this generation might have been
replaced in summer by a new generation with smaller
individuals. In both spring and in summer, the males
were slightly smaller than the females, which is common
for most Mysidacea (Mauchline, 1980; Daneliya, 2002).
A similar life cycle is also known for Pyroleptomysis
rubra in the North Adriatic Sea (Wittmann 1985).
Though the mysid brood size can be highly variable
(Grabe and Hatch, 1982), a signiﬁcant correlation with the
body length of females is common for many mysid species
(Morgan, 1980; Toda et al., 1982; Petryashov, 1992;
Ketelaars et al., 1999). A signiﬁcant correlation between
body length and body mass is also a common feature for
many mysid species (Borodich and Havlena, 1973;
Szalontai et al., 2003; Borcherding et al., 2006) and might
be a useful tool for biomass estimation from ﬁeld data.
Seasonal changes in the sex ratio might be caused by
differences in sex-speciﬁc mortality. The outnumbering
of males by females in spring indicates a higher
mortality of males during winter or spring. The decline
in the sex ratio of L. benedeni in summer might be
caused by a high mortality of the wintering females after
breeding (Mauchline, 1980) and was also found for
Hemimysis anomala (Ketelaars et al., 1999). However,
year-round sampling is needed to record the seasonal
cycle of the L. benedeni population in the lake.
Furthermore, laboratory experiments investigating life-
cycle features at the individual level would help to
interpret the ﬁeld data.Laboratory experiments
According to our ﬁeld data and those of Wittmann
et al. (1999), we assumed that L. benedeni might prefer
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ment, and our results support this hypothesis. The
presence of zebra mussels often leads to higher
abundances of many benthic invertebrates (Grifﬁths,
1993; Stewart and Haynes, 1994; Botts et al., 1996;
Stewart et al., 1998; Mo¨rtl and Rothhaupt, 2003), and in
our study, the preference for stones with zebra mussels
was signiﬁcant. Macrophytes and stonewort are also
highly structured habitats that increase the surface area.
In many lakes, patches of macrophytes often carry the
highest number of L. benedeni (Bacescu, 1954; Wonya´r-
ovich, 1955; Dediu, 1966; Weish and Tu¨rkay, 1975;
Wittmann, 1995; Wittmann et al., 1999). However,
Wonya´rovich (1955) mentioned that L. benedeni
avoided plants with a biogenous chalk bed. Our results
do not support this latter observation; both macro-
phytes and stoneworts were highly preferred habitats in
our study. C. fluminea considerably increases the
availability of hard substrates on a primarily sand-
dominated bottom. The shells but not the living clams
are used by several benthic taxa as a habitat (Werner
and Rothhaupt, 2007). L. benedeni did not prefer shells
of C. fluminea and the living clams over sand. This
indicates that living C. fluminea and its shells might not
improve soft substrates for L. benedeni. There was only
a tendency for increasing grain size to enhance the
attractiveness of the habitat for L. benedeni. Perhaps the
range of grain size was too small to detect a signiﬁcant
effect.
Only little is known about the feeding strategy of
L. benedeni. The results of our feeding experiments
indicated that the mysid fed mostly on food sources with
a small particle size, especially detritus (leaf litter or
D. polymorpha biodeposited material), epilithon, and
phytoplankton. In the case of leaf litter, we assume that
mostly the bioﬁlm is used and not the leaf itself because
of the bright color of the gut content in contrast to the
dark brown color of the leaves. These food sources were
also found in the gut content analysis of Wittmann and
Ariani (2000). Phytoplankton was the dominant food
source in spring. Dead animal material and macrophytes
were hardly used as food, presumably because of their
larger size. In the case of macrophytes, we assume that
the bioﬁlm on the plant was the food used because the
plants were not damaged. Macrophytes were a preferred
habitat for L. benedeni, and the bioﬁlm on the plant as a
food source would increase the attractiveness of this
habitat. In the control without food, some mysids had a
ﬁlled gut. This might be explained by cannibalism,
which is known for P. rubra in the North Adriatic Sea
(Wittmann, 1985), or perhaps the gut was not emptied
completely, as is known for Gammarus pseudolimnaeus
(Ba¨rlocher and Kendrick, 1975). Since the percentage of
individuals with a ﬁlled gut did not differ between
mysids kept on adult D. magna and those without food,
adult D. magna might not be an important food sourcefor L. benedeni. However, Wittmann and Ariani (2000)
found that one-day-old D. magna and D. pulex were
actively caught by L. benedeni.
Mysids have often been anthropogenically introduced
to increase ﬁsh production (Wonya´rovich, 1955; Bor-
odich and Havlena, 1973). Some species have had a
massive effect on the planktonic community; especially
the abundance of cladocerans declined through preda-
tion, and therefore the phytoplankton increased (Rie-
man and Falter, 1981; Ketelaars et al., 1999;
Borcherding et al., 2006). Such dramatic consequences
are not expected in Lake Constance because our results
indicate that L. benedeni is not as predacious as other
mysids. However, the large brood size of L. benedeni
might facilitate a rapid colonization, and the mysids
might be an additional food source for predators in the
littoral of Lake Constance.Conclusions
Our ﬁeld data for L. benedeni in Lake Constance
conﬁrm the ﬁeld data for this mysid in river systems. To
our knowledge, this is the ﬁrst study to compare the
attractiveness of different habitats and food sources for
L. benedeni in the laboratory. Highly structured
habitats, i.e., stones covered with zebra mussels,
macrophytes, and stonewort, were mostly preferred,
whereas the clam C. fluminea did not improve the
attractiveness of a sand substrate. Increasing grain size
tended to enhance the attractiveness of habitats. From
the results of our food experiments, we conclude that L.
benedeni can be described as an omnivore–herbivore
species that feeds by gathering and ﬁltering.Acknowledgments
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